Background {#Sec1}
==========

Neuropathic pain is often caused by nerve injury resulting from surgery, diabetes, bone compression, or infection \[[@CR1]\]. Neuropathic pain includes tactile allodynia, which is pain caused by a non-noxious stimulus, and thermal hyperalgesia, an augmented pain response to noxious heat or cold. Currently available treatments such as nonsteroidal anti-inflammatory drugs and opioids have little effect on neuropathic pain \[[@CR2]\]. The development of effective treatments requires an understanding of the molecular and cellular mechanisms underlying neuropathic pain. Microglia, the immunocompetent cells in the central nervous system (CNS), have emerged as a pivotal player in neuropathic pain \[[@CR2]--[@CR6]\]. Microglia become activated in the spinal dorsal horn immediately after sensory nerve injury \[[@CR7]\]. They change their shape, proliferate, and produce pro-inflammatory responses that exacerbate neuropathic pain \[[@CR8], [@CR9]\].

G-protein-coupled receptors (GPCRs), which are seven-transmembrane domain receptors, constitute the largest superfamily of membrane proteins. GPCRs recognize various extracellular molecules and generate intracellular signals that elicit cellular responses. GPCRs have long been a pharmacological target, and GPCR-targeting drugs currently account for \~ 34% of all drugs in the USA \[[@CR10]\]. Given that GPCRs and their ligands play key roles in the interactions between injured neurons and neighboring glial cells \[[@CR11], [@CR12]\], we previously carried out a gene screen in a mouse model of motor nerve injury to identify GPCRs involved in neuron-glia interactions after nerve injury \[[@CR13]\]. We designed primer pairs for 274 putative non-sensory GPCRs and examined changes in their expression in injured motor nuclei by quantitative real-time PCR (qRT-PCR). We successfully identified 29 candidate GPCRs whose expression levels were upregulated more than two-fold after nerve injury. Among these upregulated GPCRs, G-protein-coupled receptor 34 (GPR34) showed a substantial upregulation (\~ 4-fold) after injury \[[@CR13]\].

GPR34 was first discovered in the 1990s by two independent groups \[[@CR14], [@CR15]\]. Although its ligand remained unknown when we initially identified GPR34 as a candidate gene in the screening \[[@CR13]\], lysophosphatidylserine (LysoPS), which is generated by enzymatic hydrolysis of the membrane phospholipid phosphatidylserine (PS), is currently considered a ligand for GPR34 \[[@CR16], [@CR17]\]. Multiple transcriptome studies have reported that GPR34 mRNA is highly enriched in microglia \[[@CR18]--[@CR23]\], suggesting its significant roles in microglial functions. A previous study investigated GPR34 function in microglia using GPR34-deficient mice \[[@CR24]\]. The authors reported that there were no gross abnormalities in the CNS of GPR34-deficient mice \[[@CR25]\]; however, the number and morphology of microglia were altered in certain regions of the CNS. They further found reduced phagocytic activity and increased tumor necrosis factor (TNF)-α release in GPR34-deficient microglia. In addition to the study, microglial GPR34 expression is upregulated in demyelination model induced by cuprizone \[[@CR18]\], whereas is downregulated in epilepsy model evoked by kainic acid \[[@CR26]\]. These observations suggest that GPR34 might regulate microglial activity in neuronal diseases. Here, we investigate GPR34 function in activated microglia using a mouse neuropathic pain model. Our findings show that a GPR34-mediated signal exacerbates neuropathic pain by promoting pro-inflammatory responses by microglia.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

All animal procedures were conducted in accordance with the standard guidelines of the Nagoya University Graduate Schools of Medicine and the Guide for the Care and Use of Laboratory Animals. Wild-type (WT) C57BL/6 mice were purchased from Charles River Laboratories, Japan. The male mice used in our study were 8--12 weeks of age at the start of the experiments. The production of the GPR34-deficient mice on a C57BL/6 background is described in our previous study \[[@CR27]\]. Briefly, the GPR34 gene was disrupted with a targeting vector designed to replace the GPR34 open reading frame in-frame with a LacZ-neo cassette. All mice were housed in a controlled-temperature (23 ± 1 °C) room with a 12-hr light-dark cycle (lights on from 9:00 to 21:00), and acclimated to the environment for more than 7 days before the experiments. The study was conducted with the approval of the local animal ethics committee in accordance with the regulations for animal experiments at Nagoya University (permission No. 27204, 28303, 29281, and 30178), the 3Rs (replacement, reduction, and refinement) principal of animal experiments, the Animal Protection and Management Law of Japan (105), and the Ethical Issues of the International Association for the Study of Pain \[[@CR28]\].

Surgical procedure for the neuropathic pain model {#Sec4}
-------------------------------------------------

We used the L4 spinal nerve injury model with some modifications \[[@CR9]\]. Briefly, after a small skin incision was made on the left side, trimming around the intervertebral foramen was performed under 3% isoflurane anesthesia. Then, the left L4 nerve was carefully dissected and cut.

qRT-PCR {#Sec5}
-------

The L4 spinal cords were harvested from deeply anesthetized mice under 3% isoflurane anesthesia (*n* = 4). The spinal cords were then vertically separated along the median. Hemisections of the ipsilateral and contralateral side were horizontally divided into dorsal horn and ventral horn according to the lower margin of the substantia gelatinosa under the microscope. Dorsal horn tissues were subjected to total RNA extraction using the acid guanidine isothiocyanate/phenol/chloroform extraction method. cDNA was prepared from total RNA by reverse transcription with SuperScript III (Invitrogen). qRT-PCR was performed with StepOnePlus (Applied Biosystems) using Fast SYBR Green Master Mix (Applied Biosystems). The following primers were used: GPR34 forward: 5′-ATATGCTACAACAGCCCGGA-3′; GPR34 reverse: 5′-GAACCGAAAGGCATGGTAAG-3′; TNF-α forward: 5′-AGCCGATGGGTTGTACCTTGTCTA-3′; TNF-α reverse: 5′-TGAGATAGCAAATCGGCTGACGGT-3′; interleukin (IL)-1β forward: 5′-ACAGAATATCAACCAACAAGTGATATTCTC-3′; IL-1β reverse: 5′-GATTCTTTCCTTTGAGGCCCA-3′; IL-6 forward: 5′-ATCCAGTTGCCTTCTTGGGACTGA-3′; IL-6 reverse: 5′-TAAGCCTCCGACTTGTGAAGTGGT-3′; inducible nitric oxide synthase (iNOS) forward: 5′-GGCAGCCTGTGAGACCTTTG-3′; iNOS reverse: 5′-GAAGCGTTTCGGGATCTGAA-3′; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward: 5′-CAAGGTCATCCCAGAGCTGA-3′; GAPDH reverse: 5′-CGGCACGTCAGATCCACGAC-3′.

The conditions for fast qRT-PCR were as follows: 1 cycle of 95 °C for 20 sec, 40 cycles of 95 °C for 3 sec, and 60 °C for 30 sec. At the end of the PCR, the samples were subjected to melting analysis to confirm amplicon specificity. Results were normalized to GAPDH. Fold-changes in gene expression were calculated using the 2^−ΔΔCt^ method.

In situ hybridization {#Sec6}
---------------------

Mice were deeply anesthetized with a 3% isoflurane and transcardially perfused with 4% paraformaldehyde. The L4 spinal cord was dissected and postfixed in the same fixative for 15--18 hr at 4 °C. The tissue was dehydrated in 25% sucrose in 0.1 M phosphate buffer (PB) at 4 °C overnight and frozen in dry ice. Then, 7-μm-thick frozen sections were prepared using a cryostat (CM1850, Leica Biosystems). GPR34 mRNA expression was detected using the RNAscope Fluorescent Multiplex Version 2 Assay (Advanced Cell Diagnostics) according to the manufacturer's instructions. Briefly, after sections were hybridized with RNAscope Probe-Mm-Gpr34 (No. 318201, Advanced Cell Diagnostics), signals were amplified, and color was developed with TSA Plus fluorescein (NEL741E001KT, PerkinElmer; 1:750). For in situ hybridization combined with immunohistochemistry, in situ hybridization was first performed on the sections followed by immunohistochemistry. Images were captured on a confocal microscope (FV10i, Olympus).

Immunohistochemistry {#Sec7}
--------------------

Immunohistochemistry was performed as previously described \[[@CR29], [@CR30]\]. Mice were perfused with Zamboni's fixative (0.1 M PB containing 2% paraformaldehyde and 0.2% picric acid). The L4 spinal cords were postfixed and dehydrated in 25% sucrose in 0.1 M PB and then frozen in dry ice. Floating sections were cut on a cryostat (CM1850) at 30 μm, washed in 0.01 M phosphate buffered saline (PBS), and then reacted with primary antibodies diluted in blocking solution (0.01 M PBS containing 1% bovine serum albumin, 0.1% Triton X-100 and 0.1% NaN~3~). Primary antibodies were as follows: anti-ionized calcium-binding adaptor molecule 1 (Iba1) (Abcam, RRID: AB_2224402; 1:500), anti-interferon regulatory factor 8 (IRF8) (Santa Cruz Biotechnology, RRID: AB_649510; 1:250), and anti-protein kinase C gamma (PKCγ) (\#sc-211, RRID: AB_632234; Santa Cruz Biotechnology; 1:500). Signals were visualized with Alexa-488 or -594-conjugated secondary antibodies (Invitrogen). Images were taken with a confocal microscope (FV10i).

Histological analysis {#Sec8}
---------------------

To quantify Iba1-positive cells and area, double immunofluorescence was performed using anti-Iba1 and anti-PKCγ antibodies to identify the inner lamina II. The same laser power and sensitivities on the confocal microscope (FV10i, 60x objective lens) were used to analyze the randomly chosen 30-μm-thick sections, and the areas of lamina I and outer lamina II (lamina I/IIo) were defined and calculated. Iba1-positive cells were manually counted and normalized to the area. A total of 16 sections taken from 4 animals (4 sections/animal) were examined for each time point. In these experiments, the interval of each section was at least 90 μm, and there was no possibility of repetitive counting of the same cells.

To analyze microglial surface area, volume, and process length, floating 30-μm-thick sections of the L4 spinal cord were randomly selected and stained with anti-Iba1 and anti-PKCγ antibodies. Confocal images of the entire Z-axis were acquired in a randomly chosen field of lamina I/IIo by FV10i with × 60 objective lens (1.3× zoom), and then 3D images were produced using Imaris software (version 8.1.2, Bitplane AG). For the measurement of cellular surface area and volume of microglia, surface rendering was performed based on Iba1 signals. For the quantification of process length, Imaris FilamentTracer was used. A total of 32 cells (2 cells/section, 4 sections/animal, 4 animals) were examined in WT and GPR34-deficient mice.

Behavioral testing {#Sec9}
------------------

The mechanical withdrawal threshold was blindly measured using 0.02--0.2 g von Frey filaments to evaluate mechanical sensitivity (*n* = 6, 8, and 4 for Figs. [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, and Additional file [1](#MOESM1){ref-type="media"}: Figure S1, respectively). Mice were individually placed on the wire mesh floor, covered by an opaque chamber, and habituated to their new environment for at least 30 min before testing. Subsequently, von Frey filaments were applied to the plantar surfaces of the hindpaws. The 50% paw withdrawal threshold (PWT) was determined using the up-down method \[[@CR31]\].

Quantification of LysoPS by liquid chromatography--tandem mass spectrometry (LC--MS/MS) {#Sec10}
---------------------------------------------------------------------------------------

Detection and quantification of LysoPS was performed using LC--MS/MS as described previously, with minor modification \[[@CR32]\]. Lipids were extracted from the dorsal horn 7 days after injury (*n* = 3) using methanol (including 17:0-LPA as internal standard; final concentration of 100 nM) and stored at − 80 °C. In this study, the LC--MS/MS system consisted of an Ultimate3000 HPLC and TSQ Quantiva triple quadropole mass spectrometer (Thermo Fisher Scientific). LysoPS analyses were performed using multiple reactive monitoring (MRM) in negative mode. LC was performed using a reverse phase column (CAPCELL PAK C18 (1.5 mm I.D. × 250 mm; particle size: 3 μm)) with a gradient elution of solvent A (5 mM ammonium formate in 95% (*v*/*v*) water, pH 4.0) and solvent B (5 mM ammonium formate in 95% (*v*/*v*) acetonitrile, pH 4.0) at 200 μl/m. Gradient conditions were as follows: hold 50% B for 0.2 min, followed by a linear gradient to 100% B over 11.8 min, hold 100% B for 5 min, return to the initial condition over 0.5 min, and maintain for 2.5 min until the end of the run (total run time: 20 min).

Intrathecal administration of the GPR34 antagonist {#Sec11}
--------------------------------------------------

Intrathecal administration was performed as previously described \[[@CR9]\]. In brief, mice were placed in a prone position under 3% isoflurane anesthesia, and an incision was made on the back. The ligaments and paraspinal muscles were partially cut, and the L5 spinous process was removed. A 32-guage catheter (ReCathCo) was intrathecally inserted to a depth of 14 mm through a dural incision made with a 22-guage needle. After nerve injury surgery, 5 μl of 10 mM GPR34 antagonist, whose IC50 is 0.3 μM determined by Ono Pharmaceutical Co, Ltd. using transforming growth factor-α shedding assay \[[@CR17], [@CR33]\], or saline was intrathecally injected once a day for 14 days. A 5-μl volume of saline was injected to flush the site after each antagonist injection. Behavioral testing was performed 1 hr after final administration at days 3, 7, and 14 (*n* = 8).

Statistical analysis {#Sec12}
--------------------

Values are expressed as mean ± SEM. Data of von Frey hair test were analyzed by one-way repeated-measures (RM) ANOVA with Bonferroni adjustment or the nonparametric RM ANOVA on ranks with Dunnett's adjustment. Other data were analyzed by one- or two-way ANOVA with post-hoc Tukey's test. *p* \< 0.05 was considered statistically significant.

Results {#Sec13}
=======

GPR34 is specifically expressed by microglia in the dorsal horn in the neuropathic pain model {#Sec14}
---------------------------------------------------------------------------------------------

We used L4 spinal nerve transection model, which was used in our previous studies \[[@CR9], [@CR34]\]. Naive (non-operation) mice or contralateral side of operated mice was used as a control throughout this study, because microglial activation did not occur (Additional file [2](#MOESM2){ref-type="media"}: Figure S2) and PWT was normal (Additional file [1](#MOESM1){ref-type="media"}: Figure S1) in naive mice, sham-operated mouse, and contralateral side of operated mice. We first examined changes in GPR34 mRNA expression in spinal dorsal horn tissues at the L4 level using qRT-PCR. GPR34 mRNA was significantly increased in the ipsilateral dorsal horn from 3 days post nerve injury, with levels peaking at 7 days (Fig. [1](#Fig1){ref-type="fig"}a). To confirm that GPR34 was specifically expressed by microglia, we employed the RNAscope in situ hybridization technique, which detects mRNA with high sensitivity \[[@CR35]\]. After in situ hybridization, we stained the sections with anti-IRF8 antibody, which was shown to stain microglial nuclei in the CNS even after in situ hybridization procedure \[[@CR9], [@CR36]\]. Consistent with the qRT-PCR results, the number of GPR34-positive cells was increased in the ipsilateral dorsal horn (Fig. [1](#Fig1){ref-type="fig"}b, c). Almost all the GPR34-positive cells were also IRF8-positive (Fig. [1](#Fig1){ref-type="fig"}d--f). Because circulating monocytes do not infiltrate spinal cord in our model \[[@CR9]\], these results indicate that GPR34 is predominantly expressed by microglia in the dorsal horn after sensory nerve injury.Fig. 1GPR34 expression is induced in microglia in the spinal dorsal horn after L4 nerve injury. **a** qRT-PCR analysis of GPR34 mRNA in the ipsilateral L4 dorsal horn of WT mice before (Naive) and after L4 nerve injury. Results are normalized to the housekeeping gene GAPDH (*n* = 4 for each time point). Values are mean ± SEM. Data are shown as fold change over naive sample. \**p* \< 0.05, \*\**p* \< 0.01 (one-way ANOVA with post hoc Tukey's test). **b**, **c** In situ hybridization shows increased GPR34 mRNA expression in the spinal dorsal horn 7 days after L4 nerve injury (low-magnification images). *Contra* contralateral side, *Ipsi* ipsilateral side. Scale bar = 200 μm. **d**--**f** Localization of GPR34 mRNA in microglia in the ipsilateral dorsal horn (high-magnification images). Hybridized cells (**d**) display IRF8 immunoreactivity (**e**) in their nuclei (arrows). Scale bar = 30 μm

Microglial numbers and morphology appear to be unaffected by the absence of GPR34 {#Sec15}
---------------------------------------------------------------------------------

Activated microglia proliferate in the dorsal horn after sensory nerve injury \[[@CR7]\]. Thus, microglial numbers were evaluated by Iba1 staining to identify the difference between WT and GPR34-deficient mice, in which GPR34 mRNA was not detected in a confirmative experiment (Additional file [3](#MOESM3){ref-type="media"}: Figure S3). We quantified Iba1-positive microglial numbers in lamina I/IIo, which are pivotal layers of the spinal cord in the pathogenesis of neuropathic pain (Fig. [2](#Fig2){ref-type="fig"}a--j). To identify lamina I/IIo, an antibody against PKCγ was used to label inner lamina II \[[@CR37]\]. Microglial numbers were increased from 1 day post injury in ipsilateral lamina I/IIo. However, there was no significant difference between WT and GPR34-deficient mice at any time point (Fig. [2](#Fig2){ref-type="fig"}k). These results suggest that a GPR34-mediated signal is not involved in microglial proliferation or migration after nerve injury.Fig. 2Microglial numbers are not affected by GPR34 deficiency. **a**, **b** Contralateral dorsal horn in WT (**a**) and GPR34-deficient (**b**) mice at 1 day after L4 nerve injury. **c**--**j** Ipsilateral dorsal horn in WT (**c**, **e**, **g**, **i**) and GPR34-deficient (**d**, **f**, **h**, **j**) mice at 1 (**c**, **d**), 3 (**e**, **f**), 7 (**g**, **h**), and 14 (**i**, **j**) days after L4 nerve injury. Sections were stained by anti-Iba1 antibody (green) and anti-PKCγ antibody (red) for visualization of microglia and inner lamina II, respectively. Iba1-positive microglia within lamina I/IIo, identified by a dotted line, were counted. Scale bar = 200 μm. **k** Quantification of microglial numbers in lamina I/IIo of the ipsilateral and contralateral L4 dorsal horn in WT and GPR34-deficient mice after L4 nerve injury (*n* = 4 for each time point). Values are mean ± SEM. There was no significant difference between WT and GPR34-deficient mice at any time points (one-way ANOVA with post-hoc Tukey's test)

Although microglia exhibit a ramified shape in the quiescent state, they undergo a dramatic morphological change in the dorsal horn in response to sensory nerve injury \[[@CR7]\]. To evaluate microglial morphology, a morphometric analysis was performed. The 3D morphology of microglia was reconstructed from confocal images using Imaris software, and we analyzed microglial surface area, volume, and process length (Fig. [3](#Fig3){ref-type="fig"}). There were no significant differences in any of the three parameters between WT and GPR34-deficient mice, suggesting that a GPR34-mediated signal does not contribute to microglial morphological changes after injury.Fig. 3Microglial morphology is not affected by GPR34 deficiency. **a**--**d** Representative 3D reconstructions of microglia in the contralateral (Contra) and ipsilateral (Ipsi) dorsal horn in WT and GPR34-deficient mice. Scale bar = 10 μm. **e**--**g** Quantitative morphometric analysis of microglial surface area (**e**), volume (**f**), and process length (**g**) (*n* = 32 cells from four animals). Values are mean ± SEM. \**p* \< 0.05 (one-way ANOVA with post-hoc Tukey's test). There was no significant difference in any parameter between WT and GPR34-deficient mice

GPR34 deficiency reduces pro-inflammatory responses in microglia {#Sec16}
----------------------------------------------------------------

Activated microglia elicit neuroinflammation in the dorsal horn after sensory nerve injury, and the pro-inflammatory cytokines produced by these cells, such as TNF-α, are associated with neuropathic pain \[[@CR8], [@CR38]\]. Thus, we analyzed the expression of pro-inflammatory cytokines by qRT-PCR in the ipsilateral dorsal horn after L4 spinal nerve injury. At 1 day after injury, mRNA levels of TNF-α, IL-1β, and IL-6 were increased in the dorsal horn; however, they were significantly lower in GPR34-deficient mice compared with WT mice (Fig. [4](#Fig4){ref-type="fig"}a--c). TNF-α and IL-1β mRNA levels were overall downregulated after nerve injury in GPR34-deficient mice. Expression of iNOS mRNA was significantly lower in GPR34-deficient mice at 7 days, but was similar until 3 days (Fig. [4](#Fig4){ref-type="fig"}a). Because microglial numbers in the dorsal horn were similar in WT and GPR34-deficient mice (Fig. [2](#Fig2){ref-type="fig"}), the reductions in the expression of pro-inflammatory molecules in GPR34-deficient mice were likely caused by suppressed expression of pro-inflammatory cytokines in microglia rather than a decrease in microglial numbers. These findings therefore suggest that a GPR34-mediated signal elicits pro-inflammatory responses in microglia activated by injury.Fig. 4Pro-inflammatory microglial molecules are reduced in GPR34-deficient mice. The ipsilateral L4 dorsal horn was obtained from WT and GPR34-deficient mice before (Naive) and after L4 nerve injury (*n* = 4 for each time point), and mRNA expression levels of neuropathic pain-related molecules were quantified by qRT-PCR. **a** TNF-α, **b** IL-1β, **c** IL-6, and **d** iNOS. Results are normalized to GAPDH. Data are shown as fold change over naive sample of WT mice. Values are mean ± SEM. \*\**p* \< 0.01, \*\*\**p* \< 0.001 (two-way ANOVA with post-hoc Tukey's test)

GPR34 deficiency reduces neuropathic pain induced by sensory nerve injury {#Sec17}
-------------------------------------------------------------------------

Because microglial pro-inflammatory responses affect the development and persistence of neuropathic pain \[[@CR2], [@CR39]\], we analyzed the impact of GPR34 deficiency on mechanical allodynia. We measured the PWT to von Frey filament stimulation of the hindpaw in WT and GPR34-deficient mice following unilateral L4 nerve injury. There was a decrease in the PWT from 3 to 42 days post nerve injury in the ipsilateral side of WT mice, and GPR34-deficient mice showed significantly higher PWTs than WT mice from 7 to 35 days post injury (Fig. [5](#Fig5){ref-type="fig"}a). There was no significant difference in the contralateral PWT between WT and GPR34-deficient mice at any of the time points (Fig. [5](#Fig5){ref-type="fig"}b). These results suggest that a GPR34-mediated signal in microglia exacerbates neuropathic pain. However, since GPR34 has been reported to be expressed in other immune cells than microglia, such as monocytes and dendritic cells \[[@CR25], [@CR40], [@CR41]\], which infiltrate injured nerve and evoke inflammation \[[@CR42], [@CR43]\], GPR34 deficiency in those infiltrated immune cells may also contribute to the higher PWT in GPR34-deficient mice.Fig. 5Nerve injury-induced mechanical allodynia is reduced in GPR34-deficient mice. PWT in WT and GPR34-deficient mice before (pre) and after L4 nerve injury (*n* = 6). PWT in the ipsilateral (Ipsi) (**a**) and contralateral (Contra) (**b**) side. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 (one-way RM ANOVA with Bonferroni adjustment or the nonparametric RM ANOVA on ranks with Dunnett's adjustment). On the ipsilateral side, the PWT was higher in GPR34-deficient mice than in WT mice from 7 to 35 days

Inhibition of LysoPS-GPR34 signaling suppresses neuropathic pain {#Sec18}
----------------------------------------------------------------

We evaluated the concentration of the GPR34 ligand, LysoPS, in the dorsal horn after nerve injury (Additional file [4](#MOESM4){ref-type="media"}: Figure S4). LC--MS/MS analysis of representative LysoPS species demonstrated that the amount of 22:6-LysoPS was almost unchanged. The level of 18:0-LysoPS and 18:1-LysoPS tended to increase (18:0-LysoPS: *p* = 0.094; 18:1-LysoPS: *p* = 0.088), although there were no statistical significances in the increment. Nevertheless, the existence of significant amount of LysoPS species became obvious. Therefore, we expected that LysoPS-GPR34 signaling pathway was activated in the injured dorsal horn, and examined the effect of a GPR34 antagonist. We evaluated pain behavior in WT mice intrathecally administrated the GPR34 antagonist once a day for 14 days (Fig. [6](#Fig6){ref-type="fig"}). At 7 and 14 days, pain behaviors were improved in antagonist-treated mice, suggesting that LysoPS stimulates GPR34 to enhance neuropathic pain.Fig. 6Neuropathic pain is reduced by GPR34 antagonism. The PWT in the ipsilateral (Ipsi) (**a**) and contralateral (Contra) (**b**) side of WT mice with L4 nerve injury. Mice were intrathecally administered the GPR34 antagonist once a day for 14 days after nerve injury (*n* = 8), and the von Frey test was performed on days 3, 7, and 14. Values are mean ± SEM. \**p* \< 0.05 (one-way RM ANOVA with Bonferroni adjustment or the nonparametric RM ANOVA on ranks with Dunnett's adjustment)

Discussion {#Sec19}
==========

Although GPR34 is known to be expressed by microglia \[[@CR18]\], its role remained unclear, especially in neural diseases. In this study, we used a mouse neuropathic pain model to examine its function in microglia. We found that GPR34 is specifically expressed by microglia in the dorsal horn, and that its expression is increased in response to nerve injury (Fig. [1](#Fig1){ref-type="fig"}). Concomitantly, its ligand, LysoPS, was significantly detected in the dorsal horn (Additional file [4](#MOESM4){ref-type="media"}: Figure S4), suggesting that the GPR34 signaling pathway is activated in microglia following nerve injury and participates in regulating microglial functions. Indeed, GPR34 deficiency reduced expression of pro-inflammatory cytokines, which are assumed to be released from microglia \[[@CR44]\], in the dorsal horn after nerve injury (Fig. [4](#Fig4){ref-type="fig"}), although GPR34 signaling did not affect the number or morphology of microglia (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). Concurrently, the GPR34 deficiency resulted in a decrease in mechanical allodynia (Fig. [5](#Fig5){ref-type="fig"}). In addition, intrathecal administration of the GPR34 antagonist significantly suppressed pain behavior in injured mice (Fig. [6](#Fig6){ref-type="fig"}). These findings suggest that LysoPS induces microglial pro-inflammatory responses via GPR34, resulting in the development of neuropathic pain after sensory nerve injury.

Microglia are activated in response to various stimuli such as traumatic injury and inflammation, and exert various effects on surrounding cells \[[@CR45]\]. Receptors expressed on the microglial cell surface are thought to play critical roles in their activation. Several GPCRs are expressed predominantly by microglia, and have been extensively studied. For example, the fractalkine receptor, CX3C chemokine receptor 1 (CX3CR1), regulates microglial activity in neuronal disorders, and its deficiency significantly affects neuronal fate \[[@CR46]\]. Furthermore, some purinergic GPCRs, such as P2X4, P2X7, and P2Y12, are essential for microglial activation and pain exacerbation in the spinal dorsal horn after sensory nerve injury \[[@CR47]--[@CR49]\]. In addition to these GPCRs, our previous study, in which we screened for GPCRs upregulated in the injured motor nucleus, identified a number of microglial-specific GPCRs \[[@CR13]\], including CC chemokine receptor 5 (CCR5) and GPR84, which were demonstrated as regulators of microglial pro-inflammatory responses and motility, respectively \[[@CR13], [@CR50]\]. Intriguingly, we also identified several receptors for lipid mediators, including GPR84, a receptor for medium-chain fatty acids; GPR34, a receptor for LysoPS; and EDG5, a receptor for sphingosine-1-phosphate \[[@CR13]\]. These observations suggest that several lipid mediator signaling pathways participate in the regulation of microglial activity after nerve injury.

When we initially identified GPR34 in the screen for upregulated GPCRs \[[@CR13]\], the receptor was an orphan. Recently, LysoPS has been identified as the ligand for GPR34 \[[@CR16], [@CR17], [@CR33]\]. GPR34 is revealed to be highly expressed by microglia \[[@CR18]--[@CR23]\]; however, most studies demonstrated microglial GPR34 expression solely by transcriptome analysis of acutely isolated microglia from mouse brain, and there has been only one histological study of GPR34 expression in the CNS \[[@CR18]\]. Our study employing high sensitivity in situ hybridization combined with immunohistochemistry showed that GPR34 mRNA is predominantly expressed by microglia (Fig. [1](#Fig1){ref-type="fig"}d--f). After sensory nerve injury, microglial numbers peaked 3 days post injury, whereas GPR34 mRNA levels peaked 7 days post injury in the dorsal horn (Figs. [1](#Fig1){ref-type="fig"}a and [2](#Fig2){ref-type="fig"}). This suggests that the induction of GPR34 expression is preceded by the proliferation and activation of microglia, which are triggered by other signaling pathways (e.g., purinergic signaling). This might explain why GPR34 deficiency does not affect cell number or morphology (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}).

A previous study proposed that GPR34 is an anti-inflammatory receptor \[[@CR24]\]. The authors showed enhanced expression of IL-1β mRNA in acutely isolated GPR34-deficient microglia as well as higher levels of TNF-α release in GPR34-deficient cultured microglia in vitro \[[@CR24]\]. In contrast, our present findings suggest that GPR34 is a pro-inflammatory receptor that induces the expression of microglial pro-inflammatory molecules, such as TNF-α, IL-1β, IL-6, and iNOS, in the dorsal horn after injury in vivo (Fig. [4](#Fig4){ref-type="fig"}). Two lines of evidence support our current results. First, in GPR34-deficient mice, our behavioral test clearly showed attenuated pain behavior (Fig. [5](#Fig5){ref-type="fig"}), which was reflected by suppressed pro-inflammatory responses in microglia \[[@CR51]\]. Second, in other cell types, a GPR34-mediated signal activates Akt, extracellular signal-regulated kinase (ERK), and nuclear factor (NF)-κB \[[@CR41], [@CR52], [@CR53]\], which are all known inducers of pro-inflammatory molecules in microglia \[[@CR54]--[@CR57]\]. Therefore, at least in the neuropathic pain model, a GPR34-mediated signal stimulates pro-inflammatory responses in microglia.

Previous reports, including those from our group, demonstrated LysoPS to be an endogenous ligand for GPR34 \[[@CR16], [@CR17], [@CR33]\], although controversy remains \[[@CR58]--[@CR60]\]. The hydrolysis of membrane PS results in the generation and release of LysoPS into the extracellular space, where it functions as an intercellular signal that regulates immune cell functions, such as phagocytosis in macrophages \[[@CR61]\], proliferation of T cells \[[@CR62]\], and degranulation of mast cells \[[@CR63]\]. Here, we found that the dorsal horn does contain significant amount of LysoPS species (Additional file [4](#MOESM4){ref-type="media"}: Figure S4). Although the functions of LysoPS in the CNS in vivo remain unclear, it likely regulates microglial activity. Indeed, homozygous mutation of the gene for α/β-hydrolase domain-containing 12 (ABHD12), which hydrolyzes LysoPS, causes a neurological disorder, termed polyneuropathy, hearing loss, ataxia, retinosis pigmentosa, and cataract (PHARC) \[[@CR64]\]. In ABHD12-deficient mice, accumulated LysoPS enhances microglial activation in the brain to cause PHARC-like defects \[[@CR65]\]. Our current results are in line with these observations (Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, and [6](#Fig6){ref-type="fig"}). The pain suppression effect of GPR34-deficient mice and GPR34 antagonist was statistically significant, however not drastic (Fig. [6](#Fig6){ref-type="fig"}), which may be due to the fact that GPR34 is one of the activation receptors expressed in microglia \[[@CR51]\]. It is also possible that LysoPS may activate spinal microglia via receptors other than GPR34, since saturated fatty acids was shown to activate toll-like receptors to induce inflammation in macrophages \[[@CR66]\].

Our recent in vitro study revealed that LysoPS induces morphological changes in primary cultured microglia (i.e., from an amoeboid to a ramified shape) in a GPR34-independent manner \[[@CR27]\]. LysoPS added to the culture media can easily incorporate into the microglial plasma membrane and recruit Cdc42 to remodel the actin cytoskeleton. As this morphological change is observed in GPR34-deficient microglia, it most likely occurs in a receptor independent manner. This phenomenon is only observed in cultured microglia \[[@CR27]\]. Therefore, the mechanisms underlying the induction of pro-inflammatory molecules and pain behavior in our present in vivo study appear to be distinct from those involved in vitro.

Conclusions {#Sec20}
===========

We found that LysoPS signals act on microglial GPR34 to elicit pro-inflammatory responses in activated microglia. In addition to traumatic injury, microglial-mediated neuroinflammation also occurs in neurodegenerative diseases, where it affects neuronal function and survival, either beneficially or detrimentally \[[@CR67], [@CR68]\]. Therefore, GPR34 is a potential therapeutic target for neurodegenerative diseases and neural injury. However, further studies are needed to identify the cellular source of LysoPS and to provide further mechanistic insight into the role of LysoPS and GPR34 in the CNS.
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Additional file 1:**Figure S2.** Pain sensitivity is normal in control groups. PWT was measured in non-operated mice (Naive), sham-operated mice (Sham), and L4 nerve operated mice 0 (Pre), 3 and 7 days after injury (*n* = 4). \*\*\*p\<0.001 (one-way RM ANOVA with Bonferroni adjustment or the nonparametric RM ANOVA on ranks with Dunnett's adjustment). PWT of sham-operated mice and the contralateral paw of operated mice (Contra) was equivalent to that of naive mice. In contrast, PWT was significantly decreased in the ipsilateral side of operated mice (Ipsi). (DOCX 48 kb) Additional file 2:**Figure S1.** Microglial activation does not occur in control groups. Dorsal horn tissues at the L4 level were obtained 7 days after injury (*n* = 4), and mRNA expression of a microglial marker, Iba1 (a), and a prominently upregulated cytokine at day 7, IL-1β (b), was analyzed by qRT-PCR. Results are normalized to GAPDH and shown as fold change over naive sample. Expression of both molecules in sham-operated mice (Sham) and the contralateral side of operated mice (Contra) was equivalent to that in non-operated mice (Naive). In contrast, expression of both molecules was significantly increased in the ipsilateral side of operated mice (Ipsi). Values are mean ± SEM. \*\**p* \< 0.01, \*\*\**p* \< 0.001 (one-way ANOVA with post hoc Turkey's test). (DOCX 51 kb) Additional file 3:**Figure S3.** GPR34 mRNA is not detected in GPR34-deficient mice. Dorsal horn tissues at the L4 level were obtained from non-operated WT and GPR34-deficient mice (*n* = 4), and mRNA expression of GPR34 was analyzed by qRT-PCR. Results are normalized to GAPDH. Data are shown as fold change over WT sample. Values are mean ± SEM. \*\*\*p\<0.001 (one-way ANOVA with post hoc Turkey's test). (DOCX 40 kb) Additional file 4:**Figure S4.** The dorsal horn contains LysoPS species. Quantification of representative LysoPS species (18:0-LysoPS, 18:1-LysoPS, 22:6-LysoPS) in the contralateral (Contra) and ipsilateral (Ipsi) dorsal horn 7 days after injury, using LC--MS/MS (*n* = 3). Contralateral side was used as a control. Amounts of 18:0-LysoPS and 18:1-LysoPS tended to increase in the injured dorsal horn, although the increases were not significant (one-way ANOVA with post hoc Tukey's test). (DOCX 67 kb)
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